Strain BD3526 T , isolated from raw yak milk collected in Tibet, China, was studied to determine its taxonomic status. The strain was Gram-reaction positive, motile, catalase-positive, aerobic or facultatively anaerobic. The DNA G+C content of the strain was 47.5 mol% and its peptidoglycan contained meso-diaminopimelic acid. The predominant menaquinone was MK-7.The major cellular fatty acids were anteiso-C 15 : 0 , anteiso-C 17 : 0 and C 16 : 0 . Based on 16S rRNA gene sequence analysis, similarities among strain BD3526 T and its most closely related species, Paenibacillus shenyangensis A9 T , 'Paenibacillus dauci' H9, 'Paenibacillus wulumuqiensis' Y24 and Paenibacillus hunanensis DSM 22170 T were 99.0, 98.5, 97.3 and 96.7 %, respectively. Levels of DNA-DNA relatedness among strain BD3526 T and P. hunanensis DSM 22170 T and Paenibacillus polymyxa ATCC 842 T (5DSM 36 T ), the type species of the genus, were 41.2 and 45.6 %, respectively. In silico genome-to-genome comparison showed that the DNA-DNA hybridization values among strain BD3526 T and P. shenyangensis A9 T , 'P. dauci' H9 and 'P. wulumuqiensis' Y24 were lower than 70 %. Based on its molecular and physiological properties, strain BD3526 T (5DSM 28815 T 5CGMCC 8333 T ) is identified as the type strain of a novel species within the genus Paenibacillus, for which the name Paenibacillus bovis is proposed.
The genus Paenibacillus was proposed by Ash et al. (1993) , and its description has undergone considerable changes, with a rapid increase in the number of species. At the time of writing, there were 154 species within this genus with validated published names (http://www.bacterio.cict. fr/p/paenibacillus.html). Members of the genus are widely distributed in nature and display diverse physiological characteristics. For example, Paenibacillus polymyxa and Paenibacillus thiaminolyticus are known to produce antibacterial compounds such as polymyxin, octopytin and baciphelacin (Slepecky & Hemphill, 2006) . Several species within the genus Paenibacillus are of industrial importance as they produce a wide variety of enzymes that degrade natural biopolymers, such as chondroitin, curdlan and chitin (Nakamura, 1987; Kanzawa et al., 1995) , and synthesize exopolysaccharides with wide applications (Haggag, 2007) . Strains of P. polymyxa are also important constituents of the plant-soil ecosystem, involved in nitrogen fixation (Heulin et al., 1994; Mavingui & Heulin, 1994; Elo et al., 2001; Berge et al., 2002; Ma et al., 2007) and enhancement of soil porosity (Gouzou et al., 1993) .
In 2011, several raw yak milk samples collected in Tibet, China, were screened for isolates with protein hydrolysis activity. One of the isolates, designated BD3526 T , displayed strongly protein hydrolytic activity, with an obvious zone of protein hydrolysis surrounded by a circle of casein precipitation on milk agar when incubated aerobically at 30 8C for 24 h. The 16S rRNA gene sequence of strain BD3526 T showed low levels of similarity to all other established species in the genus Paenibacillus, except for Paenibacillus shenyangensis A9 T . Therefore, additional tests were This study presents the physiological and molecular characterization of strain BD3526 T . Paenibacillus hunanensis DSM 22170 T and P. polymyxa ATCC 842 T , employed as reference strains, were obtained from the China general microbiological culture collection centre (CGMCC; Beijing, China). All the Paenibacillus strains were streaked on TYC agar (g l 21 ) [trypticase 15.0, yeast extract 5.0, L-cystine 0.2, sodium acetate 20.0, sodium sulfate 0.1, NaCl 1.0, Na 2-HPO 4 . 12H 2 O 2.0, NaHCO 3 2.0, sucrose 50.0, agarose 15.0] at 30 8C for 24-48 h and stored in TYC broth supplemented with 15 % (v/v) glycerol at 280 8C. Escherichia coli K-12 was cultivated in Luria-Bertani broth (Merck) at 37 8C for 24 h and stored in the same medium supplemented with 15 % (v/v) glycerol at 280 8C.
Among the media tested for growth of strain BD3526 T , TYC broth was selected as the basal medium to characterize the physiological properties of the bacterium. Based on the proposed minimal requirements for the description of aerobic, endospore-forming bacteria (Logan et al. 2009 ), standard tests were performed for the phenotypic characterization of strain BD3526 T . Colonies of strain BD3526 T were observed after cultivation on TYC agar plates at 30 8C for 48 h. The Gram-reaction was tested by using a bioMérieux Gram stain kit. Cells grown in TYC broth for 24 h at 30 8C were examined for gliding motility by the hanging drop technique (Skerman, 1967) under a phasecontrast microscope (BX60; Olympus). Phase-contrast microscopy was also used to examine spores in old cultures of BD3526 T cultivated on TYC agar plates sealed with Parafilm at 30 8C for 3, 7 and 15 days. A droplet of culture broth at the liquid/solid interface of strain BD3526 T cultivated on a TYC agar slant at 30 8C for 24 h was examined for the presence of flagella in the bacterial cells by using atomic force microscopy (Nanonavi E-Sweep; Seiko). Growth was tested in TYC broth at different temperatures (4, 10, 30, 35, 40 and 60 8C) , at different pH values (3.0, 4.0, 5.0, 5.5, 6.0, 6.5, 7.0, 8.0, 8.5, 9.0 and 10) at 30 8C and at different concentrations of NaCl (1, 10, 20, 50, 70 and 100 g l 21 ). All the experiments were carried out with an initial pH value of 6.5 at 30 8C, except for the tests exploring the temperature (initial pH of 6.5) and pH value (cultivation temperature of 30 8C) for growth of BD3526 T . Catalase activity was determined via bubble production by dropping 3 % (v/v) hydrogen peroxide solution onto freshly cultivated colonies and other physiological tests were performed with the API 20E system (bioMérieux) according to the manufacturer's instructions. Biolog GEN III MicroPlates were also utilized to discriminate strain BD3526 T and some genetically related Paenibacillus strains in individual carbon source assimilation and chemical sensitivity. Acid production from 49 carbon sources was tested using the API 50 CHB system (bioMérieux).
Strain BD3526 T formed opaque, orange to red, segmented, circular/slightly irregular and slightly convex colonies on TYC agar when grown at 30 8C for 2 days. Growth occurred between 10 and 40 8C (optimum, 30-35 8C) and at pH 5.0-8.5 (optimum, 6.0-6.5). Cells were roundended rods (0.6-1.2 mm in width and 1.8-6.9 mm in length), motile, with peritrichous flagella (Fig. S1 , available in the online Supplementary Material). Strain BD3526 T was Gram-reaction positive, oxidase-negative, catalasepositive, reduced nitrate to nitrite and was endosporeforming ( Fig. S1 ). Using API 20E strips, the strain was negative for arginine dihydrolase, H 2 S production, indole production, lysine decarboxylase, ornithine decarboxylase, oxidase, urease and utilization of citrate. b-Galactosidase, cytochrome oxidase, hydrolysis of aesculin, starch and gelatin, and the Voges-Proskaeur reaction were positive. Results of Biolog GEN III MicroPlate, API 20E and API 50CH tests for the new isolate and the reference strains are listed in Table 1 .
The peptidoglycan types for strain BD3526 T were determined as described by Schleifer & Kandler (1972) and Schleifer (1985) , with the modification that TLC on cellulose plates was used. Polar lipids of strain BD3526 T and P. hunanensis DSM 22170 T were extracted and separated by two-dimensional TLC using TLC Kiesel gel 60 F254 (Merck) plates and identified by spraying with appropriate detection reagents (Minnikin et al., 1984) . Developed TLC plates were sprayed with 5 % molybdatophosphoric acid to detect total lipids, 0.2 % ninhydrin reagent to detect aminolipids and 15 % a-naphthol reagent to detect glycolipids. The sprayed plates were heated at 120 8C for 20 min to stain the spots. Molybdenum blue reagent was used for detection of phospholipids. Cellular fatty acid methyl esters were obtained from cells grown in TYC broth at 30 8C in the late exponential growth phase. Saponification, methylation and extraction of fatty acids were performed by using the procedure described by Sasser (1990) . Analysis of the fatty acid methyl esters was carried out using an Agilent 6890-5975 GC-MS device.
The genome DNA of the bacterium was extracted according to the method of Marmur (1961) . The genomic DNA of strain BD3526 T was sequenced (136-fold coverage) with Illumina sequence technology. The closest known relatives of the present bacterial strain were identified using the program FASTA (Pearson, 1990) and EzTaxon (Chun et al., 2007) and the sequences of closely related species were retrieved from the DDBJ/GenBank/EMBL databases. The full-length 16S rRNA gene sequences (1483 bp) of strain BD3526 T and related strains were used for construction of the phylogenetic tree with the neighbour-joining method (Saitou & Nei, 1987) (Fig. 1) . Evolutionary distances were calculated by using the Kimura two-parameter correction in a complete deletion procedure, with discrete Gamma distribution (Gamma parameter of 5). The statistical reliability of the tree was evaluated by bootstrap analysis of 1000 replicates (Felsenstein, 1985) and the tree topology was also confirmed with the maximum-parsimony and maximum-likelihood methods ( Figs S2 and S3 ), by using MEGA version 6.0.6 software (Tamura et al., 2013) . To generate comparable results regarding time and accuracy, we used identical substitution models and discrete gamma options. Pairwise nucleotide sequence similarity values, calculated cautiously (Tindall et al., 2010) with EzTaxon, among strain BD3526 T and its nearest neighbours, namely P. shenyangensis A9 T , 'Paenibacillus dauci' H9, 'Paenibacillus wulumuqiensis' Y24 and P. hunanensis DSM 22170 T , were 99.0, 98.5, 97.3 and 96.7 %, respectively ('P. dauci' H9 and 'P. wulumuqiensis' Y24 have not, at the time of writing, been validly described). There is extensively documented evidence that two strains sharing less than 97 % 16S rRNA gene sequence similarity do not belong to the same species (Tindall et al., 2010) . Consequently, the genome DNA relatedness among strain BD3526 T and these four Paenibacillus species was further comprehensively compared to ascertain its status as representing a novel species in this genus.
DNA-DNA hybridization among strain BD3526 T and P. hunanensis DSM 22170 T and P. polymyxa ATCC 842 T was carried out according the procedure described by Huss et al. (1983) using a model Cary 100 Bio UV/VIS spectrophotometer equipped with a Peltier-thermostatted 666 multicell changer and a temperature controller with in situ temperature probe (Varian). Means of the three most confident readings were taken for calculation purposes. Strain BD3526 T displayed low DNA-DNA relatedness to P. hunanensis DSM 22170 T (41.2 %) and P. polymyxa ATCC 842 T (45.6 %). According to the accepted recommendations, strains BD3526 T and P. hunanensis DSM 22170 T do not belong to the same species, as the level of DNA-DNA relatedness between them was lower than the threshold value of 70 % (Wayne et al., 1987) .
The genome of strain BD3526 T was compared in silico with those of P. shenyangensis A9 T , 'P. dauci' H9 and 'P. wulumuqiensis' Y24. Inferred digital equivalents for DNA-DNA hybridization (DDH) values were obtained with GGDC 2.0 (http://ggdc.dsmz.de/distcalc2.php) as described by Meier-Kolthoff et al. (2013) . The resulting matches between both genomes are called high-scoring segment pairs (HSPs). For 'P. dauci' H9 and P. shenyangensis A9 T , the DDH value was significantly above 70 % (approx. 92 %). In addition, 'P. dauci' H9 and 'P. wulumuqiensis' Y24 are not validly described according to the EzTaxon BLAST results, and therefore 'P. dauci' H9 might be a synonym of P. shenyangensis A9 T . The distance calculations and DDH estimates among strain BD3526 T and its neighbouring Paenibacillus species are listed in Table 2 . For strains belonging to the same species, e.g. P. polymyxa M1 and P. polymyxa SC2, the DDH values calculated by the three formulae were simultaneously above 70 %. By contrast, for strains belonging to different species, e.g. Paenibacillus panacisoli DSM 21345 and Paenibacillus massiliensis DSM 16942, although some of the DDH values exceeded 70 %, i.e. 79.2 % in HSP length/total length and 79.7 % in identity/total length, the DDH value in identity/HSP length was below 70 %. In the case of strain BD3526 T , when the genome of 'P. wulumuqiensis' Y24 or P. polymyxa ATCC 842 T was employed as the reference, all three indexes of DDH values for the BD3526 T genome were significantly below 70 %. When the genome of strain BD3526 T was compared with that of P. shenyangensis A9 T , two indexes of the DDH values, i.e. identity/HSP length and identity/ total length, were below 70 %. The in silico genome-togenome comparison demonstrated that strain BD3526 T could be clearly differentiated from its genetic relatives. (Liu et al., 2010) ; 3, P. shenyangensis A9 T (Jiang et al., 2015) ; 4, 'P. wulumuqiensis' Y24 (Zhu et al., 2015) .+, Positive; 2, negative; W, weakly positive; NT, Not tested; ND, no data available. Therefore, strain BD3526 T can be proposed as representing a novel species of the genus Paenibacillus.
The cell-wall peptidoglycan of strain BD3526 T was found to contain meso-diaminopimelic acid. The polar lipid pattern was similar to that of P. hunanensis DSM 22170 T . Typical patterns of the polar lipids of the two strains are shown in Fig. S4 . The major polar lipids in strain BD3526 T were aminophospholipids, aminolipids and glycolipids. MK-7 was the predominant menaquinone. The major cellular fatty acids of strain BD3526 T were anteiso-C 15 : 0 , anteiso-C 17 : 0 and C 16 : 0 (Table 3 ). The G+C content of the DNA was determined using the thermal denaturation method (Marmur & Doty, 1962) with DNA from E. coli K-12 as a control. Strain BD3526 T had a DNA G+C content of 47.5 mol%, a value within the range established for the genus Paenibacillus (Shida et al., 1997; Montes et al., 2004) .
Therefore, on the basis of physiological and genotypic properties, strain BD3526 T should be considered as the type strain of a novel species within the genus Paenibacillus, for which the name Paenibacillus bovis sp. nov. is proposed.
Description of Paenibacillus bovis sp. nov.
Paenibacillus bovis (bo9vis. L. gen. n. bovis of the yak Bos grunniens, pertaining to the resource from which the type strain was isolated).
Cells are round-ended rods, 0.6-1.2|1.8-6.9 mm, and occur singly or in pairs. Aerobic or facultatively anaerobic, motile and endospore-forming. Catalase-positive and oxidase-negative. Nitrate is reduced to nitrite. Colonies are opaque, circular to slightly irregular, convex and orange to red on TYC agar. Growth occurs at 10-40 uC (optimum, 30-35 uC), at pH 5.0-8.5 (optimum, 6.0-6.5) and with 0-10 % (w/v) NaCl (optimum, 0-2 % The type strain is BD3526 T (5CGMCC 8333 T 5DSM 28815 T ), isolated from raw yak milk collected in Tibet, China, in 2011. The DNA G+C content of the type strain is 47.5 mol%.
Effect of inoculation with Bacillus polymyxa on soil aggregation in Table 3 . Cellular fatty acid contents (%) of strain BD3526 T and the reference strains
Strains: 1, BD3526 T (data from the present study); 2, P. hunanensis DSM 22170 T (Liu et al., 2010) ; 3, P. shenyangensis A9 T (Jiang et al., 2015) ; 4, 'P. wulumuqiensis' Y24 (Zhu et al., 2015) . ND, Not detected. 
